Completion of cased and cemented wells by shaped charge perforation causes its own damage to the formation, potentially reducing well productivity. In practice it is found that underbalance conditions clean up the damaged zone to some extent, however, the mechanisms of these processes are poorly understood. Most hydrocodes typically used to simulate rock response to shaped charge penetration do not provide permeability estimates. Furthermore, the time scales for formation clean up are potentially much longer than the period of jet penetration.
Introduction
Shaped charge perforation is a field proven technique for completion of cased and cemented wells. The perforating process, however, causes its own damage to the formation, potentially reducing well productivity. In practice it is found that this damaged zone is somewhat cleaned up if the pressure in the wellbore is set lower than the formation prior to perforation. However, the mechanisms of the damage and clean-up processes are poorly understood.
Optimization of perforation performance requires a capability to predict the influence of various shaped-charge parameters (underbalance, overbalance, and liner and charge design) upon post-perforation permeability. Most hydrocodes typically used to simulate rock response to shaped charge penetration do not provide permeability estimates since the rock permeability does not effect the progress of the jet. Hydrocodes developed to simulate these events typically only consider rock properties which directly relate to rock strength and mechanical response (e.g.: porosity). Over the time scale of a shaped-charge perforation, it is assumed that any fluid within the rock has no time to move between pores, hence permeability is assumed irrelevant. Furthermore, jet penetration typically ceases after a few hundreds of microseconds and the post-shot surge period, known to be crucial in determining the final permeability of the perforation, occurs over time scales measuring seconds.
While permeability does not directly impact the mechanical response of the rock, clearly the permeability is expected to change in response to pore collapse, bulking, microfracturing, and fines migration. Many authors have sought to relate final permeability to the stress history of a host rock. Papamichos et al. [1] used poroelasticity to predict the stresses due to a shaped-charge jet. These results were combined with estimates of grain crushing and a simple permeability rule to estimate the extent of the reduced permeability zone. McKee and Hanson [2] developed an expression for the radial dependence of permeability in rock created by a single charge. Their technique related permeability to estimates of fracturing due to an explosion. These approaches assumed relatively simple configurations in order to obtain a description of the stress induced in the rock. Zhu and Wong [3, 4] investigated the relationship between permeability and deformation using a network model and provided insight into the formation of connected microcracks and their influence upon permeability.
In previous work [5] , we developed a simple yet robust model which has been incorporated into existing, proven hydrocodes. However, this approach neglected the influence of free fine particles, which reduce permeability by blocking pores and are expected to be removed by underbalance. Dey [6] suggests the migration of clay particles may irreversibly reduce permeability by 30% after cycles in effective mean stress of as little as 30 MPa (while porosity is observed to be entirely reversible). The perforation process is expected to produce and mobilize many fine particles which subsequently reduce permeability and flow performance. It may be reasonable to assume that migration of clay particles does not have a significant influence on the permeability during the shot of the shaped charge. However, subsequent flushing of the perforation and surrounding rock is expected to lead to substantial changes in permeability due to fines migration.
The migration of fines in porous media in general has been studied in detail by previous authors (see Khilar and Fogler[7] for a review). Halleck [8] presented a simple model for predicting the cleanup of the reduced permeability zone. However, this model did not include deposition of fines (and thus, could only predict improvements in permeability with underbalance). Imdakm and Sahimi [9] used a Monte Carlo technique to predict the reduction in permeability of a network of pores. Injected particles migrated according to a random walk and blocked tubes of smaller radii in the network, reducing the network permeability. Their approach did not allow the possibility of fines being re-entrained into the flow. Wennberg et al. [10] developed a two-dimensional simulator employing a simple model to investigate the general behavior of deposition processes. Their simulations exhibited the formation of clogged bands both parallel and perpendicular to the flow direction, depending upon the system parameters. Gruesbeck and Collins [11] performed a series of experiments with synthetic systems and proposed a set of equations governing the evolution of fines concentration. Subsequently, these equations have formed a basis for numerical studies. For example, Ochi and Vernoux [12] developed a two-dimensional network model that utilized evolution equations similar to those devised by Gruesbeck and Collins [11] . Ochi and Vernoux [12] used the geometric properties of the network to estimate the model parameters (e.g., entrainment rate and deposition rate). However, their approach did not permit re-entrainment of trapped particles. In addition, in practice it can be difficult to translate the macroscopic properties of the formation (porosity, permeability, damage) into network properties (pore radii, bond lengths).
In this work we present a method for simulating the influence of fines migration employing a model after Gruesbeck and Collins [11] . The initial permeability field is obtained from a hydrocode using the model presented by Morris et al. [5] . Results from a one-dimensional model simulation are in excellent agreement with measured fines and permeability distributions. We also present two-dimensional numerical results which qualitatively reproduce experimentally obtained permeability maps for different values of underbalance. Further comparison with experiment is essential to tune the coupling between the hydrocode and fines migration simulator. Although, the permeability model is most appropriate for high permeability sandstones (such as Berea), the extension to other rock types should be straightforward, given sufficient experimental data.
Review of Understanding of Perforation and Flow Performance
Halleck [8] provides a review of experimental and modeling investigations of the influence of perforations upon flow performance. Halleck [8] observed that most of the surge cleanup occurs in less than 1 second and suggested that surge flow volume is not an important factor, provided sufficient underbalance is used. Furthermore, Halleck [8] claimed that most of the cleanup would occur during the initial, high-rate transient flow. In this work we assume that the cleanup processes involves an initial removal of low permeability debris from the tunnel, followed by fines migration. For simplicity we have assumed that fluid flow is Darcian throughout the fines migration stage. Halleck [8] also observed that permeability damage extends beyond the visibly "crushed zone". He interpreted this as evidence that permeability reduction is more a function of fines migration than of grain breakage itself. In this work we interpret the permeabilities predicted by the hydrocode to be permeabilities of the rock in the absence of fines. Fines are introduced into the simulation as a function of history dependent variables. Halleck et al. [13] found that 3000 psi effective overburden stress can be sufficient to reduce penetration by 50% in Berea Sandstone (although 20% is more typical). King et al. [14] studied the effect of post-perforation acidizing on well productivity. They proposed that acidizing leads to increased well productivity for those cases where the underbalance was insufficient. They observed that higher underbalance pressures were needed for lower permeability rocks.
Core-flow efficiency (CFE) provides a standard measure of the perforation flow performance. The CFE is the ratio of measured post-shot flow rate to an ideal rate based upon pre-shot permeability. Core-flow efficiency only provides a bulk description of the net effect of the perforator. For simplicity, many authors assume that the damaged zone is of constant thickness (typically about 0.4 inches) and constant, reduced permeability. In this work we seek a detailed map of the permeability field surrounding the perforation. Several authors have directly measured the permeability field, using a variety of techniques. Rochon et al. [15] measured the radial distribution of permeability in a perforated core using pressure transient analysis. They found that the permeability fields had a more complex structure than often assumed, with a zone of high permeability near the perforation wall and a minimum several millimeters into the rock. Unfortunately, this approach involves changing the stress conditions of the rock before permeability can be measured. More recently, Karacan and Halleck [16] used X-ray CT to provide a direct determination of flow velocity in samples while maintaining post-shot stress conditions. Their results (for 350 psi underbalance) show a gradual reduction in permeability approaching the perforation (see Figure 4a ). In contrast with Rochon [15] , Karacan and Halleck [16] do not observe a region of high permeability near the tunnel wall.
Several other studies have investigated the influence of the perforation upon the rock microstructure. Asadi and Preston [17] used SEM and image analysis to map the damaged zone. They deduced permeabilities using an empirical model calibrated to the undamaged rock sample. Particle size analysis can provide a direct measure of the distribution of fines and larger particles within a post-shot sample. Halleck [18] investigated the distribution of fines (particles of diameter 10 micron or less) under balanced conditions and with underbalance in Berea Sandstone. These results indicate that the shot breaks mineral grains near the tunnel, producing a large number of fine particles. For the balanced shot, the fines concentration generally increased towards the tunnel wall, peaking at the wall itself. The underbalanced test results indicated that fines had been removed from the region surrounding the tunnel. However, between 0.5 and 1" from the centerline the fines concentration was observed to be higher than that of the balanced shot.This suggests that fines migrate during the transient surge phase induced by underbalance.
Model for Entrainment and Deposition
We employ a model after Gruesbeck and Collins [11] . Their approach assumes that the porous medium may be modeled locally by parallel-pathways (see Fig. 1 ). In a given representative elemental volume (REV) of the pore space it is assumed that the fluid pathway has two continuing, parallel branches: one of small size in which fines can form plugs, and the other, of larger pore size, in which only surface nonplugging deposits occur. Fines trapped in the plugging pores cannot be released, while fines in the non-plugging pores can be re-entrained by the fluid. The ratio of the fines size to the pore size determines what fractions of flow pathways are plugging or non-plugging.
Within each REV we divide the fines into three concentrations:
C concentration of free fines, carried in suspension by the fluid σ np concentration of fines on walls of non-plugging pores σ p concentration of fines on walls of plugging pores All concentrations are expressed in terms of volume of solid per unit volume of fluid (m 3 /m 3 ). In particular, σ np and σ p are volumes of solid per unit volume of fluid in non-plugging and plugging pores respectively. Within each REV it is assumed the pore volume can be divided into a fraction f which consists of pluggable pathways and a fraction 1 f which is non-pluggable. The value of f will depend upon the local distribution of pore diameters and the particle size distributions of fines. In the applications considered by Gruesbeck and Collins [11] f was constant throughout space, however, for other applications, f can vary from point to point to model variations in pore or particle distributions.
Gruesbeck and Collins [11] performed a series of experiments with synthetic systems and proposed a set of equations governing the evolution of C, σ np , and σ p . If we assume the fines occupy a relatively small fraction of the available pore volume, the mass balance of fines can be stated:
Here φ is the porosity, u is the volume flux density (q ¢ A) and σ is total concentration of deposited fines: σ
Here u p and u np are the volume flux densities in the plugging and non-plugging pores respectively. In the non-plugging pathways, entrainment and deposition can occur, and Gruesbeck and Collins [11] proposed the following form to fit their experimental results:
Here, u c , denotes the critical volume flux density required to entrain particles and α and β are constants, and
The plugging pathways only permit particle deposition:
Here δ and ρ are constants. Gruesbeck and Collins [11] argued this form is appropriate since plugging deposition cannot occur for zero u p . Gruesbeck and Collins [11] used Darcy's law to describe flow diversion phenomena in terms of the permeabilities of the plugging (K p ) and non-plugging (K np ) paths. The permeabilities were assumed to be functions of the deposited fines fraction.
Application of Theory to Permeability Damage due to Shaped Charge Perforation
In this work we consider a cylinder of rock, discretized into a regular cylindrical co-ordinate system. Within each cell we apply the equations for evolution of C, σ np , and σ p and calculate fluxes of particles between cells using fluxes based upon Darcy's law. The pressure field at each time step is obtained using a Poisson solver. To demonstrate the suitability of the model of Gruesbeck and Collins [11] , we first consider a model one-dimensional problem which captures the key features of the experimentally observed results. Permeability measurements obtained by Karacan and Halleck [19] (see Figure 4a) for 750 psi underbalance in Berea Sandstone exhibit a reduced permeability zone at a radius of 2 cm from the tunnel axis. Halleck [18] investigated the distribution of fines (particles of diameter 10 micron or less) under balanced conditions and with underbalance for Berea Sandstone. For the balanced shot, the fines concentration generally increased towards the tunnel wall, peaking at the wall itself. The 1500 psi underbalance test results indicated that fines had been removed from the region surrounding the tunnel. However, between 0.5 and 1" from the center the fines concentration was observed to be higher than that of the balanced shot. This suggests that fines migrate during the transient surge phase induced by underbalance.
These results also suggest a model in which there are four zones where different fines erosion and deposition processes are at work for sufficient underbalance in Berea Sandstone (see Figure 2) . The balanced fines concentration peaks in region I, closest to the tunnel wall. Underbalance, however, removes most of the fines from region I. In region II, permeability reduction is observed for sufficient underbalance (see Figure 4a) , suggesting fines have migrated here and have been deposited. Region III exhibits a slight reduction in fines concentration with underbalance and is the probable source of the fines deposited into region II. Region IV shows relatively little change in fines concentration between balanced and underbalanced conditions.
We expect the pore volumes to be most restricted in region I, since this corresponds to the most damaged rock. The underbalanced results suggest that even with these small pores, the fines can still be flushed out. This implies that there are no plugging pores in region I (since these could be expected to permanently capture a fraction of the fines). In this work we assume that the rock contains non-plugging pores throughout and that fines may be re-entrained at any location, given sufficient flow velocity.
If we assume the flow during the transient surge resulting from underbalance is radially symmetric (no axial flow) then the local flow velocity is:
where Q is the rate of flux into the tunnel from the reservoir. Clearly region I will have the highest flow velocity, possibly greatly exceeding u c , and consequently extensive fines erosion occurs. Region II will have a lower flow velocity, possibly below u c , leading to a net accumulation of fines. However, we observe that fines are removed from region III, where the flow velocity is even lower. This suggests that u c may have a lower value in region III than in region I or II. In this work we assume that α and β are uniform throughout the flow domain and that the critical flow velocity, u c , varies depending upon the damage sustained by the rock. Figure 3 demonstrates how variations of u c with radius can lead to alternating zones of fines erosion and deposition. In Figure 3 we have taken the simplest approach with u c having a constant initial, undamaged value and assume a higher, constant value in the damaged zone.
We have exercised this simple model with our fines migration simulator. Our simulator is fully two-dimensional, but for this simple problem we constructed a one-dimensional problem by considering a cylinder of rock of radius 4.5 cm, length 1 cm, discretized into square cells of dimension 0.75 mm with a tunnel of radius 0.75 cm along the axis. We assume that the rock contains non-plugging pores only:
For the model problem we assume a simple linear dependence of the permeability in the absence of fines: 
There was no variation in permeability in the axial direction, thus the resulting flow is radially symmetric. We use the following values for the entrainment and capture rate constants:
We also assume a simple linear dependence of permeability upon local concentration of trapped fines which approximately maps the measured fines concentrations [18] to the measured permeabilities (Figure 4a )
The critical flow rate, u c , is assumed piecewise constant, with a larger value in a damaged zone within 2.5 cm: 
The volume of free fines per fluid volume was initially set to:
The initial trapped fines concentration was zero. Pressure boundary conditions representing 750 psi underbalance were applied to the tunnel and outer surface of the problem, with no-flow boundaries at either end. The results obtained by the fines migration simulator after 1 second of flushing are compared with experiment in Figure 4 . The results are generally in good agreement, with the simulation exhibiting the observed alternating zones of fines erosion and deposition. The simulations of 750 psi underbalance show accumulation of fines between about 1.5 cm and 2.5 cm with removal of fines elsewhere. The shape of the fines profile between 1.5 cm and 2.5 cm is determined by the relative value of α and β. A larger value of β results in more fines accumulating near 2.5 cm. In the following section, we apply this same approach to the clean-up process in a fully two-dimensional permeability field obtained from a separate hydrocode simulation of the penetrator.
Mapping the Hydrocode Results to the Fines Simulator
We seek to map the results from the end of the hydrocode simulation of perforation into suitable values for fines concentration, permeability in the absence of fines, and u c . The initial conditions obtained must be consistent with the available experimental data and yet be simple to implement with a minimum number of assumptions. Lomov et al. [20] discuss the hydrocode we used to simulate the dynamic behavior of Berea Sandstone. The permeability model employed by the hydrocode is based upon a fit to quasistatic experimental data of Zhu and Wong [21] and is discussed in detail by Morris et al.
[5] Figure 5 shows a permeability map as a function of distance from the tunnel wall and distance from the entrance, for Berea Sandstone perforated with 350 psi underbalance, obtained by Karacan and Halleck [19] . These results show reduced permeability near the tunnel with particularly low permeabilities near the entrance and towards the other end of the tunnel. Figure 6 and 7 show the permeability field predicted by the hydrocode simulation with and without fines, respectively, for balanced conditions. Although exhibiting significant variability, the hydrocode permeability predictions also show reduced permeability near the tunnel wall, with permeability reduction largest near the opening. The axial variation in permeability predicted by simulation is in contrast with the interpretation of Karacan and Halleck [19] . They attribute the axial variation in permeability to variations in the pre-shot permeability of the rock because the outermost permeability measurements approach a constant near the opening and at the other end of the tunnel (indicating the permeability is independent of radius beyond 1.5 cm at these loca- tions). However, the outermost permeabilities measured between 5 cm to 10 cm from the tunnel entrance differ, casting some doubt on this interpretation. Nevertheless, despite these qualitative differences between hydrocode simulation and experiment it is possible to achieve a global fit of post-fines migration permeability to experiment. By varying α, β, and u c throughout the problem, permeability can be enhanced or decreased in order to reduce the differences between measurement and simulation. However, given the limited experimental data available to match against, it is unclear that such a global fit would be informative. For example, given one permeability map it is unclear whether it is the hydrocode parameters or the fines migration parameters which should be modified to achieve a better fit. In this work, therefore, we attempted to match the observed clean-up at certain locations along the perforation, assuming that α and β were constant throughout, and related u c directly to hydrocode history dependent variables. Once more measured permeability maps are available (both for a wider range of underbalances and for multiple cores at each level of underbalance) it will be possible to determine what parameters are needed within the hydrocode and the functional forms for α, β, and u c in terms of hydrocode history dependent variables.
We assume that the permeability obtained from the hydrocode [5] represents the permeability of the rock in the absence of fines. The experimental data of Zhu and Wong [21] (upon which our hydrocode permeability model is based) provide no insight into the role of fines migration. We assume that the shock loading accompanying perforation releases more fines and that it is appropriate to consider the hydrocode permeabilities as an upper limit in the absence of fines.
Our fines migration simulator cannot simulate the observed removal of debris from the tunnel, so we need to make some assumptions regarding how much material is removed. Furthermore, Halleck [8] claimed that most of the cleanup would occur during the initial, high-rate transient flow, at which point the pressure gradient will be highest across low permeability regions. We assume that all material with permeability lower than 6 mD is removed. The removal of this material is simulated by replacing it with material with a permeability of 10000 mD.
At the start of the fines migration simulation it is assumed that all available fines are shaken loose into suspension. The following was found to give good agreement with the experimentally measured fines fraction [18] for balanced conditions as a function of radius:
Here ε p is the local plastic strain in the rock predicted by the hydrocode. The critical velocity, u c , is a key parameter which determines where fines erosion and deposition will occur. We found that For simplicity the other model parameters were assumed constant: (20) These parameters determine the timescale over which cleanup occurs. The value of these parameters was found to be less crucial, provided there is sufficient time to flush the fines. This reflects Halleck's [8] observation that surge flow volume is not an important factor provided sufficient underbalance is used. It may be more appropriate to vary these parameters with position, however insufficient data were available to provide a rationale for a functional form for α and β.
As with the model problem, we assumed a simple linear dependence of permeability upon local concentration of trapped fines which approximately maps the measured fines concentrations to the measured permeabilities: (21) This approach was used to simulate the penetration tests performed by Karacan and Halleck [19] . Figure 8 shows a two-dimensional map of the permeability enhancement for the 750 psi simulation. The simulation predicts permeability enhancement in the vicinity of the tunnel wall with a reduction in permeability (due to fines accumulation) beyond 6 cm from the tunnel entrance between about 2 and 3 cm radius. Karacan and Halleck [19] do not provide a permeability map for 750 psi underbalance, but provide detailed radial permeability profiles only at 3.4 cm (750 psi case) and 2.8 cm (350 psi case) from the tunnel entrance. Figures 9 and 10 compare experiment and simulated results as a function of distance from the tunnel wall to remove the effect of variations in tunnel diameter. The radial profiles from Karacan and Halleck [19] were made to be a function of distance from the tunnel wall using tunnel diameters of 1.3 cm (750 psi) and 1.2 cm (350 psi). The best fit to the observed clean-up and fines migration was at a distance of 9.5 cm from the entrance (see Figure 9 ). Closer to the tunnel entrance the Karacan and Halleck.[19] hydrocode simulation predicts greater permeability reduction, and consequently the flux density is lower and relatively little fines removal occurs. Toward the tip of the penetration at a distance of 13.2 cm from the entrance the simulated permeability profile is similar to that observed by Karacan and Halleck[19] at 3.4 cm although the simulated permeability is higher close to the wall. In addition, Figure 10 shows that the higher simulated permeability at this distance from the entrance permits removal of fine particles within about 0.25 cm of the tunnel wall even for 350 psi underbalance. Figure 8 : Two-dimensional map of the fractional permeability change due to 750 psi underbalance versus balanced conditions. Gray regions indicate an increase in permeability of 5% or more while black indicates a reduction of 5% or more. The crosshatch region indicates the extent of the tunnel.
Discussion
We have presented an approach for predicting the details of permeability damage and cleanup around perforation tunnels. Results obtained using a model onedimensional simulation of the clean-up process are in excellent agreement with experiment. We also presented a fully two-dimensional approach involving two steps:
0
Calculate damage and permeability in the absence of fines using a hydrocode.
Estimate cleanup using a fines migration simulator.
The results of the simulations are in qualitative agreement with available experimental results. The predicted permeability and fines distributions are in good agreement with experiment at certain locations along the core. However, the permeability field predicted by the hydrocode exhibits significant variability along the core, with greatly reduced permeability at the entrance and relatively little reduction towards the tip. The permeability maps obtained by Karacan and Halleck[19] also show similar variation in permeability parallel to the tunnel. Karacan and Halleck [19] argue that when normalized, this variation is reduced, however, more results for multiple cores are required to confirm this interpretation. Beyond a distance of 7 cm from the tunnel entrance, the simulations show similar zones of fines erosion and deposition to those observed experimentally. Closer to the tunnel entrance the predicted permeability is lower and less fines migration occurs.
Given the limited experimental data available to match against, it is unclear whether it is the hydrocode parameters or the fines migration parameters which should be modified to achieve a better fit. Although α and β are expected to vary with damage, in this work we attempted to match the observed clean-up at certain locations along the perforation, assuming that α and β were constant throughout, and related u c directly to the plastic strain predicted by the hydrocode. Once more measured permeability maps are available (both for a wider range of underbalances and for multiple cores at each level of underbalance) it will be possible to determine appropriate parameters within the hydrocode and the fines migration simulator. In particular, a more comprehensive series of measured permeability maps will enable functional forms for α, β, and u c in terms of hydrocode history dependent variables (damage, strain, porosity) to be determined.
In this work we considered only the behavior of Berea Sandstone. Berea Sandstone differs from many other sandstones in that is is both highly permeable and has a substantial clay content. Consequently, Berea Sandstone may be more susceptible to the release, migration, and subsequent deposition of fines than most other rocks [18] . Experimentally measured permeability maps for a wider range of rocks are required before the model presented in this work can be used to predict the behavior for other rocks.
In this work we have not considered the rate of the cleanup process (governed by α and β). A more comprehensive study, addressing the role of flow volume during the post perforation surge, and employing more measured permeability maps, would provide stricter bounds upon the model parameters. In addition, we have not addressed the processes whereby very low permeability rubble is removed from the tunnel, but have used a cutoff to determine what material is removed. A separate model could be developed (possibly similar to that used by Halleck [8] ) to simulate this process.
The permeability obtained from the hydrocode employed a damage variable which is not defined in terms of pore-scale properties. However, we have attempted to relate the damage predicted by the hydrocode to the initial fines concentration and critical volume flux within the core. A more versatile approach would employ a damage variable directly associated with the evolution of porescale properties, such as the interstitial area. This would be more amenable to physical arguments regarding fines production, permeability, and critical volume flux. It would also be more capable of predicting the response of other rocks or the effect of different pore fluids.
We expect the methods developed in this paper to lead to more efficient cleanup of perforations. For example, once sufficient data are obtained to characterize model parameters, it should be possible to substantially reduce the number of tests required to obtain best results. Computer simulation will help identify the optimum balance conditions and surge rate for a given perforator and operating conditions, and also perhaps allow exploration of new concepts such as whether multiple surges might improve core flow efficiency.
